Abstract: Green algal communities were investigated in clean and pollution-impacted tundra soils around the large coal mine industrial complex of Vorkuta in the E. European Russian tundra. Samples were collected in three zones of open-cast coal mining with different degrees of pollution-impacted soil transformation. A total of 42 species of algae were found in all zones. The species richness decreased from 27 species in undisturbed zones to 19 species in polluted zones. Under open-cast coal mining impacts the community structure simplified, and the dominant algae complexes changed. Algae that are typical for clean soils disappeared from the communities. The total abundance of green algae (counted together with Xanthophyta) ranged between 100-120 × 10 3 (cells/g dry soils) in undisturbed zones and 0.5-50 × 10 3 in polluted zones. Soil algae appear to be better indicators of coal mine technogenic pollution than flowering plants and mosses.
Introduction
Soil algae are an important autotrophic component of the biota in all terrestrial habitats. They play a significant role in soil genesis, stabilization of substrata and the formation of organic matter in natural and technogenic soils (Maxwell 1991; Johansen & Shubert 2001; Hoffmann et al. 2007 ). Investigations of the soil algae biodiversity in the European Russian tundra regions started a long time ago, but data on distribution of green algae in tundra soils are scant (Getzen et al. 1994; Andreeva 2004; Andreeva & Czaplygina 2006) . The Russian E. Europe tundra regions have a strong anthropogenic impact because of activities associated with the extraction of combustive minerals (coal, oil and gas). The effects of anthropogenic factors on various soil algae have been poorly investigated, although it is known that soil algae are pioneers of recovery on coal mine dump (Shushueva 1974; Lukešová & Komárek 1987; Lukešová 2001; Pivovarova & Shumlanskaja 2002; Dorokhova 2003) .
The goal of this study is to compare soil green algal communities in three open-cast coal mining zones that are characterised by different degrees of soil transformation.
Material and methods
Algal communities were investigated in clean and impacted tundra soils around the large industrial coal mine complex of Vorkuta in the north-European Russian tundra (Fig. 1 ). This region is exposed to heavy air pollution. Algal samples were collected in differently impacted zones near the open-cast coal mine "Yun Yaga" during the months of JuneSeptember in [2001] [2002] [2003] [2004] . Experimental plots were chosen to be typical for the studied area. The soil algae were studied in seven plots in three zones (Fig. 1, Table 1 ). Using field data and Landsat TM satellite images, two impact zones were identified (Kulugina et al. 2005) , namely a disturbed polluted zone (0-100 m from coal mine dumps), and a slightly disturbed and polluted zone (100-950 m). A third zone was an undisturbed area located at a distance of more than 950 m. The higher plant vegetation was described for examined plots.
From each plot (size 10 m 2 ), 10 soil samples (1 cm 3 each) were randomly taken from different places and mixed together for analysis. Samples were taken from the upper 1-2 cm soil layer. Algal species were determined in cultures established by mixing soil samples with liquid Gromova -6 and Bold Basal media, grown in growth room (SHKS-0.6 B, Russia) during three weeks (day/night 16/8 h, under temperature 20/12
• C). The main literature used for species identification included Korshikov (1953) , Ettl & Gärtner (1995) , Lokhorst (1996) and Andreeva (1998) . Algae abundance was assessed by 5-point scale (15 × 25 magnification): 1 (rare) -from 1 to 10 individuals in a preparation; 2 (quite often) -from 10 to 50 ind. 5-A 12 Dwarf birch-willow-herbs-moss tundra/pH 5.9-6.2 6-A Disturbed and polluted 0 Grasses-herbs-moss primitive plant aggregation pH 6.0-6.2 7-A 0 Herbs-horsetail (Equisetum sp.) primitive plant aggregation/pH 7.5-8.0
ning were repeated five times. The algal communities of the plots were compared using the Sörensen-Czekanovski index of similarity with the help of the clustering program GRAPHS (Novakovsky 2004) . Soil pH and heavy metal content (in mg/kg of dry matter) were analysed in the soil samples. For the quantitative analysis of heavy metals we employed the method of atomicemission spectrometry with inductively coupled plasma using a Spectro Ciros CCD spectrometer in the Institute of Biology Komi SC. The ordination of the study plots with heavy metal and algae species diversity was carried out with the PC-ORD software (McCune et al. 2002) .
Results and discussion
Plots in the undisturbed zone were characterized by a pH that was lower than that in the disturbed and polluted zones (Table 1) . Concentrations of heavy metals in soils exceeded the background values 2-3 times under impact conditions (Fig. 2) . High concentrations of Sr, Be, Mo, Ni, Cu and other elements were found in the impact zone.
A total of 145 species and formae of algae were found in the three zones: 39 Cyanoprokaryota, 22 Xanthophyta, 32 Bacillariophyta, and 42 Chlorophyta and Streptophyta. Green algae were the most diverse group and were found in all zones (Table 2) . Species richness decreased from undisturbed (27 taxa) to polluted zones (10-12 taxa) ( Table 3 ). In the investigated zones the species composition of algal groups was different ( Table 3 ). At open-cast coal mining impacted sites the algal community structure was simplified, as the number of dominant algae complexes was reduced from 11 to 1-2 species (Table 3 ). Figure 3 shows the results of a clustering analysis of the species composition of the different plots. Three distinct groups of species complexes could be distinguished which appeared to be correlated with the soil pH: plots 1C -2B (pH 4.5), plots 3B -5A (pH 5.5), and 6A -7A (pH 6-7). The same grouping of plots was obtained by a Bary-Curtis component analysis on the basis of the content of heavy metals in soils (Fig. 4) . In impacted soil the number of Cyanoprokaryota and Chlorophyta increased, Bacillariophyta decreased and Xanthophyta disappeared. The differences in the structure of the green algal communities could be demonstrated at the generic level. Increase of the technogenic pressure resulted in soil alkalization which coincided with the disappearance of Chlorosarcinopsis and Mesotaenium as well as decreased diversity of acidophilic species of the genera Cosmarium and Cylindrocystis. The representatives of these genera appeared to be sensitive to the environmental impact caused by the mining activities. Algae that are known indicators of relatively clean soils, e.g. Cosmarium hexalobium, C. anceps, C. undulatum, Coenocystis oleifera, and Cylindrocystis brebissonii were completely absent from communities located in the impact zone. On the other hand, stress-tolerant algae such as Bracteacoccus aggregatus, Spongiochloris gigantea, Chlorella vulgaris, Klebsormidium flaccidum, Myrmecia incisa and Stichococcus minor were present in all plots.
The total abundance of green and yellow-green algae varied between 100-120 × 10 3 cells g −1 of dry soil in the undisturbed zone, and 0.5-50 × 10 3 cells g −1 of dry soil in polluted zones. The highest total cell number of soil green algae was encountered in the unpolluted plot 1-C whereas the lowest number of algal cells was observed in plot 7-A, which had the highest pH and heavy metal contamination. All plots from the impacted zone showed a low algal density.
The diversity of algae and that of higher plants reflected the different levels of pollution caused by the coal mine in different ways. The diversity of algae showed that the strong impact zone was within a radius of 400 m from the coal mine, the moderately disturbed and polluted zone was between 400-950 m and the relatively clean zone extended from 950 m onwards. Comparison with the results for higher plants ( Table 1 ), suggested that soil algae are more sensitive to coal mine pollution and are better indicators than flowering plants. Our results were similar to those of studies of coal mine impacted soils in more southern climatic zones (Shushueva 1974; Lukešová & Komárek, 1987; Lukešová 2001; Pivovarova & Shumlanskaja 2002) . This study has demonstrated that soil algae can be used as indicators of landscape technogenic transformation in tundra areas.
